that expression of either variant outside of S phase appeared to be sufficient (Yu and Gorovsky, 1997). In contrast, by examining the dynamics of histone proteins in Drosophila nuclei we show that the major histone H3 Summary and the replacement histone H3.3 proteins have distinct properties during in vivo chromatin assembly. Histone Two very similar H3 histones-differing at only four amino acid positions-are produced in Drosophila H3.3 participates in replication-independent (RI) nucleosome assembly and is targeted to transcriptionally accells. Here we describe a mechanism of chromatin regulation whereby the variant H3.3 is deposited at tive loci throughout the cell cycle. Transcription-coupled deposition of H3.3-containing nucleosomes may be a particular loci, including active rDNA arrays. While the major H3 is incorporated strictly during DNA replicageneral mechanism for rapidly replacing permanently modified nucleosomes and for heritably activating tion, amino acid changes toward H3.3 allow replication-independent (RI) deposition. In contrast to repligenes. 
We confirmed that the H3.3-GFP is tightly bound to chromatin by extracting cells with 1.5 M salt before fixation. After this treatment, nuclei retain 48% of the H3.3-GFP but only 22% of the H2B-GFP (p ϭ 0.001). Such differential extraction is expected from the biochemical properties of these histones (Wolffe, 1998), and the proper behavior of GFP-tagged histones has been extensively documented (Kimura and Cook, 2001 ). The extended appearance and proximal location of the prominent H3.3 and H4 site on the labeled X chromosome suggested that it coincides with the large rDNA foci ( Figure 2B ). These must be sites in the genome at gene repeat array on this chromosome. In situ hybridizawhich RI deposition of histone H4 occurs. tion with probes to the 28S rDNA gene confirmed that Since histone H3 deposition is strictly replication dethis is so ( Figure 3G ). Quantitative measurements of GFP pendent, we reasoned that RI deposition of histone H4 signal over the rDNA array and over all of the chromomight be accompanied by the deposition of H3 variants somes indicated that ‫%04ف‬ of all histone H3.3 in the to form variant nucleosomes. Centromeric histones are cell is deposited at the rDNA locus (n ϭ 5 spreads 
Replication-Independent Deposition at rDNA Arrays

H3.3 Incorporates De Novo into Growth-Induced
The origin of XL has been attributed to an expansion of the rDNA locus on this chromosome, presumably as rDNA Arrays Notably, we often observed labeling with H3.3-GFP and these cells adapted to culture conditions. We observed that the rDNA array on XL was always labeled by H3.3-H4-GFP of only one X chromosome. This is not due to absence of rDNA from other X chromosomes in these GFP ( Figure 4A ), consistent with this locus being active in all cells. However, in some experiments, variable numcells because the detection of 28S rDNA by in situ hybridization confirmed rDNA arrays are present on each bers of cells had additional labeling on XS chromosomes ( Figure 4B ). To test whether some of this variability beof the three X chromosomes ( Figure 3G ). Other studies have pointed out that many Drosophila cell lines (includtween experiments was due to differences in growth conditions, we transfected cells with the histone H3.3-ing Kc) carry two distinguishable kinds of X chromosomes: a short one (XS) that resembles the normal X of GFP construct and then induced expression in samples of this culture 16 or 24 hr later. We found that many flies, and a longer X (XL) (Privitera, 1980 ; Echalier, 1997). Figure 5A ), suggesting that some or all of these substitutions are responsible for differences in plates was transfected and expressed in cells, and the ability of the resultant fusion proteins to participate in deposition (Waterborg and Robertson, 1996) . However, the RI deposition of replacement histone H3 variants RC and RI deposition examined. All mutant proteins were efficiently deposited onto replicating DNA, demonhas been attributed entirely to its availability in the gap phases of the cell cycle (Yu and Gorovsky, 1997). Instrating that these changes did not interfere with chromatin assembly. However, none of the mutations prestead, our results producing H3-GFP and H3.3-GFP from the same inducible promoter argue that at least some of vented deposition at the rDNA array, and thus we conclude that no single identity is necessary for the RI the characteristic substitutions specify which assembly pathway is used. It is clear that H3-GFP fails to undergo pathway. We also introduced the converse mutations into the H3-GFP fusion gene to match each of the H3.3 RI deposition, because when the protein is produced identities. Strikingly, each of three mutations was suffibeling ( Figure 6E ). This deletion extends into a critical region of histone H3 that passes through the DNA gyres cient by itself to confer partial RI activity ( Figures 5B  and 5D ). All three of these positions lie in the core of in the nucleosome (Luger et al., 1997) . A similar deletion is lethal in yeast (Mann and Grunstein, 1992) , suggesting the histone ( Figure 5A ). To further confirm that these residues specify assembly pathways, we converted all that the region is required to form a proper nucleosomal particle. We conclude that RI nucleosome assembly mathree positions in H3 to the H3.3 identities (A/A...IG). As expected, this mutant undergoes both RC and RI chinery can deposit a truncated histone H3.3 protein.
.VM"). Each of these permutated tem-H3 paralogs (
Because the N-terminal tail is essential for RC but not deposition. Since any one change at these positions in H3 allows some RI deposition, it appears that this is for RI deposition, deletion constructs of histone H3.3-GFP separate these two pathways of nucleosome asa default ability of H3 variants. We conclude that the identities at these positions specify assembly pathways sembly. Staining for PCNA in cells producing a truncated histone H3.3-GFP revealed that nucleosome assembly and that the combination of residues in the major H3 histone actively prevents RI assembly. even in S phase cells is not limited to replicating DNA: some RI deposition of histone H3.3 occurs in euchromatin and in the nucleolus (Figures 6F and 6G) . Histone H3 and H3.3 differ at only four amino acid those in Physarum, tailless histones must deposit as efficiently as endogenous full-length histones or they positions, and mutational analysis reveals that a single change at any one of the three positions in the histone will be out-competed and will not appear in chromatin. Assembly may also be affected by predeposition modificore allow some RI deposition. Thus, we interpret RI deposition as a default feature of canonical histone H3 cations (Sobel et al., 1995) or cell type differences. For example, chromatin assembly in embryos with rapid variants, and only the three residues found in H3 will preclude RI deposition. Such specificity could be undernuclear division may be less stringent than assembly in somatic cells, as we have examined here. Indeed, in stood if these positions in histone H3 make contacts that only fit with replication-specific assembly factors, Xenopus early embryonic nuclei, truncated H3 can be deposited into chromatin, albeit inefficiently (Freeman or bind an accessory protein that alters the activity of a more general nucleosome assembly factor (Figure 7) . et al., 1996). There appear to be multiple mechanisms that ensure The three positions in H3 are in solvent-accessible regions of the nucleosome particle (Arents et al., 1991; the utilization of different histone H3 variants by nucleosome assembly pathways. In Tetrahymena, only the reLuger et al., 1997) ( Figure 5A ) and thus contacts with these positions before assembly is plausible. It is simplacement H3 variant gene hv2 is expressed in gap phase cells, and this histone undergoes RI deposition. plest to imagine that replication-specific assembly proteins recognize tetramers that contain H3 and localize Deletion of hv2 is viable but is accompanied by the constitutive expression of a major H3 gene (Yu and Gorthem to newly replicated DNA. All remaining tetramers 
